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Fatigue break1. Introduction
Shafts are rotating mechanical elements intended to transfer power of a driving device to a desired place. Most often, they
are equipped with gears or pulleys tightly ﬁxed by wedges or ﬁtting keys. During operation, the shaft is subjected to both
torsional (due to torque) and bending stresses (due to its own weight and weight of built-in elements) [1,2] causing dynamic,
alternating tensile–compressive stresses in surface layer of the shaft [3]. Generally, the shaft is always made of different
diameters, and the transitions between them, depending on their rounding-up, represent smaller or greater local stress
concentrators [2]. The contact of the hub edge and the shaft surface can represent a stress concentrator as well. This is why
the shafts, due to its shape, are quite sensitive to the formation of fatigue cracks while their susceptibility to cracking is
additionally increased by inadequate surface treatment of the shaft (rough surface and inappropriate microstructure of the
surface part of the shaft).
The elevator buyer delivered into analysis a broken shaft of a D = 135 mm diameter whereto a chain wheel was ﬁxed by a
wedge. Even though the warranty period has already expired, the buyer wanted to verify the shaft material conformity with
technical documentation and identify the cause of the resulting break in order to be able to ﬁle a potential claim.
2. Testing
Several tests were performed, such as visual examination of broken surfaces, chemical analysis of the shaft material
(quantometer Thermoelectron corporation ARL 3460), tensile test of the material in longitudinal direction under the surface
and in the shaft center (Zwick/Roell Z 050), impact toughness test ISO-V in longitudinal direction under the surface of the* Corresponding author at: University of Ljubljana, Faculty of Natural Sciences and Engineering, Asˇkercˇeva 12, 1000 Ljubljana, Slovenia.
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(device GNEHM Ha¨rtepru¨fer Swiss Max 300 and Helling-Eqotip for the shaft surface) and microscopic examination of the
shaft material (light metallography, grinding by emery papers up to #4000, polishing by diamond paste #2 mm, etching by
2% nital).
3. Findings
An inspection of both pieces of the broken shaft showed a typical fatigue fracture surface with a 20% share of
ﬁnal instantaneous break reﬂecting a relatively low nominal operating stress (Fig. 1). On a smooth surface of the slow
propagating crack, arrest lines are more or less visible. Direction of the crack propagation and of the shaft rotation
can be determinated from a shift of the ﬁnal instantaneous fracture surface with regard to the crack initiation
location as well as from the shape of the arrest lines and the direction of fracture lines (these being perpendicular to the
arrest lines) [4]. In this particular case, the shaft was rotating in the counter-clockwise direction and therefore, after a
certain period of time, the fatigue crack propagation ran from slightly right to the left (Fig. 1, arrow on the fracture
surface).
The arrest lines on the fracture surface show that the crack initiated in the area of right edge of the keyway (Fig. 1). In
spite of a smooth surface of this area, the shape of the nearest half-rounded arrest lines shows that the crack initiated on
the shaft surface by the upper right edge of the keyway as conﬁrmed by the state when the broken shaft was still in the
gear-wheel hub (Fig. 2). The shaft fracture plane is accordant with the edge of the gear-wheel hub only at the right tip
by the wedge (Fig. 2, detail B-arrow). From there on, the crack ﬁrst propagated transversely through the shaft (Fig. 2,
detail A, side view after removal of the gear-wheel) under the gear-wheel hub and only there re-directed
perpendicularly to the shaft surface or perpendicularly to the direction of operating tensile stresses, respectively (on
this plane, there is also the left part of the shaft with a tip by the keyway meaning that the right tip exits from the main
fracture plane). In a magniﬁed section we can see that the two edges of the keyways in the shaft and in the gear-wheel
hub do not overlap and that they are not in the same line (Fig. 2, detail B). With regard to the edge of the keyway in the
shaft the edge of the keyway in the gear-wheel hub is located slightly to the right, where there is also the contact with
the surface of the shaft (Fig. 2, detail B-arrow). After removal of the gear-wheel, at this location, a 3 mm long line-
shaped notch damage, parallel to the edge of the keyway was established on the shaft surface (Fig. 2, detail A-white line,
showed by the right-pointing arrow), that resulted from indenting of the edge of the gear-wheel hub keyway into the
shaft surface. Also an inaccurate performance of the wedge and shaft keyway can be observed. The shaft keyway has a
sharp transition between vertical and horizontal sides (radius approx. 0.1 mm, Fig. 3a); however, it did not affect the
initiation of the fatigue crack at this location. The keyway sides are not perpendicular to each other (Fig. 3a). The wedge
and the upper part of the shaft keyway actually touch each other, but in the lower part a gap is evident and its
longitudinal edges were not beveled.Fig. 1. Macroscopic characteristics of the shaft fracture surface.
Fig. 2. Geometric relation of the shaft fracture surface and the chain wheel hub.
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direction (Fig. 3). The shaft surface is not decarburized (the uniform ferrite layer does not exist). Under the surface, the crystal
grains are smaller while toward the center they are bigger and bigger due to slower cooling after normalization. Toward the
center, the banded character of the microstructure is more strongly expressed (this is the so-called secondary banded
structure), and the proportion of pearlite is slightly increased as well. Both are characteristic for normalized steel products of
greater thicknesses [5], such as bars of larger diameters. Plastic non-metallic inclusions in the longitudinal direction are
visible in the ferrite as well. The ferrite-pearlite ratio is conformant with the established chemical composition (m.%:
C = 0.45; Si = 0.24; Mn = 0.64; P = 0.027; S = 0.010; Al = 0.025) conﬁrming that the shaft was made of normalized middle-
carbon steel C45 (EN 10027-1) for quenching and tempering.
The HV10 hardness of the under-surface area in the vicinity of the keyway (crack initiation area) ranges between 198
and 205 HV and meets the standards of this type of steel in normalized condition. Mechanical properties measured by a
tensile test meet the standard [11] for normalized condition of round section bars made of steel C45 and of diameter
D = 100–250 mm: yield stress Re = 289–303 N/mm
2 (requirement: 275 N/mm2), tensile strength Rm = 603–608 N/mm2
(requirement: 560 N/mm2), elongation A5 = 18.6–20.4% (requirement: 16%), while the impact toughness of the test
pieces is weaker than the required one already under their surface (ISO-V at a temperature of T = 20 8C: 15–17 J;
requirement: 18 J at T = 20 8C [12]). In the shaft center, the toughness values are even worse (9–11 J). The results show
that already at the ambient temperature the shaft material does not meet the impact toughness set at signiﬁcantly lower
temperatures. The cause of low toughness was not investigated; however, it is most likely connected with non-metallic
inclusions and a too low cooling rate after normalization.
Fig. 3. Normalized micro-structure of the shaft; (a) by the keyway corner (in transverse direction), (b) at one quarter of the shaft diameter (in longitudinal
direction).
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The elevator chain wheel shaft is made of normalized middle-carbon steel C45 for quenching and tempering. The steel
is the same as the material grade given in the technical documentation where only the material is determined but nothing is
said about the state of the material and the state of the shaft surface and its hardness. Mechanical properties of the steel C45
in normalized state are obviously adequate for the expected load of the elevator chain wheel shaft, what is indirectly shown
also by the 20% share of ﬁnal instantaneous break on the fracture surface. However, high enough mechanical properties of
the used material are not the only criterion to be met in the shaft manufacture.
As already said in Section 1, due to combined dynamic loads, the shafts are very sensitive to formation and propagation of
fatigue cracks initiating usually on the surface. Consequently, the state of the shaft surface is very important (roughness,
micro-structure, residual surface stresses). Normalized ferrite-pearlite microstructure of the surface is not the most
appropriate one because of overall low hardness (surface damage occurs more easily, e.g. during assembly). Besides,
compared to pearlite, the soft ferrite is very sensitive to surface notches and also has signiﬁcantly lower permanent dynamic
strength [5,6,10]. Ferrite is unfavorable also due to the possibility of exceeding the critical shear stress of dislocation slips in
some unfavorably oriented surface crystal grains at an external stress lower than the yield stress of the steel. This
phenomenon is characteristic for crystal planes (1 1 0) [9]. This means that the crack in the surface ferrite crystal grain
can initiate also without surface notch effects! Due to low surface hardness of normalized ferrite-pearlite microstructure
(198–205 HV) a small part of the edge of the keyway in the gear-wheel hub was indented into the shaft surface. It resulted in
a surface damage where a crack initiated due to concentration of operating tensile stresses. If the event the surface hardness
of the shaft was high enough and consequently resistant enough to wear (meaning also highly resistant to the occurrence of
surface defects!) the edge of the gear-wheel hub keyway would not indent into the shaft surface. The edge would be
subjected to plastic deformation; yet, the shaft surface would remain undamaged. Surface hardening is one of the heat
treatment procedure which providing high surface hardness and ductile core of the shaft [1,3,5–9]. Besides high hardness,
also a ﬁeld of surface residual compressive stresses occurs in the process, which results in signiﬁcantly increased dynamic
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is ideal for the mentioned heat treatment of the surface. It has weak hardenability and achieves surface hardness of
50–60 HRC[3,5,6,8].
The basic cause of a minor damage occurring on the surface of the shaft is inaccuracy of the keyway and wedge
manufacture, and an imperfect matching of diameters shown by a minimal shift between the edges of the keyway on
the shaft and on the hub of the gear-wheel (Fig. 2). The indentation and formation of a surface notch in the shaft may have
occurred during installation of the gear-wheel to the shaft or at the ﬁrst start-up of the electro-motor. If the damage occurred
at the device start-up, it was a result of the clearance between the wedge and the keyway in the chain wheel hub (during the
device start-up, the shaft, compared to the gear-wheel hub, for a moment ran ‘‘idle’’; since the shaft turned to left, the edge of
the keyway on the gear-wheel hub, compared to the edge of the keyway on the shaft, slightly shifted to the right).
5. Conclusion
The elevator chain wheel shaft of a 135 mm diameter is made of normalized steel C45 and is corresponding with the
request material by the technical documentation. However, as no surface hardness is given in the technical documentation,
the normalized state of the surface with a hardness of 198–205 HV is acceptable as well in order to provide calculated
strength of the shaft.
The shaft break occurred due to dynamic, alternating and rather low tensile–compressive stresses at simultaneous
torsional load. This is demonstrated by a fracture surface characteristic for a fatigue break and a shift between the initial and
the ﬁnal break phase. A fatigue crack initiated in a small, some mm long notch damage on the shaft surface by the gear-wheel
hub. The damage occurred by indentation of the edge of the keyway of the gear-wheel hub into the shaft surface resulting
from an inaccurate manufacture of composing elements and consequent failure to achieve the required tolerances for a
wedge assembly, and a soft normalized shaft surface. At the crack initiation and propagation, a too low steel toughness did
not play a key role. Yet, low toughness results in incompliance of the shaft material mechanical properties required by the
standard.
In spite of the inaccurate manufacture of the composing elements the shaft break may have been avoided most likely by
surface hardening of the shaft. This would highly increase the surface hardness and the related resistance to occurrence of
surface defects (due to high surface hardness of the shaft the keyway edge of the wedge on the gear-wheel hub would not
indent into the shaft surface, but would be subjected to plastic deformation and the shaft surface would incur no damage). At
the same time, a ﬁeld of compressive residual stresses would create in the shaft surface layer which would highly improve
dynamic strength and resistance to initiation of fatigue crack.
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